Abstract: Recurrent cholera outbreaks in sub-Saharan Africa (SSA) attracted a lot of research interest, raising questions about the effectiveness of current prevention and control methods. However, research on cholera and other water-borne diseases in Africa is dominated by epidemiological studies, while investigations on the environmental drivers and reservoirs of cholera remain scarce. The current discourse relating cholera to the environment in SSA is often limited to the rudimentary statement that, "cholera is caused by the consumption of contaminated water and food". Yet, beyond this simplistic view, literature elsewhere shows that cholera outbreaks are controlled by its complex interactions with environmental drivers and reservoirs. This brings to question whether cholera can be eradicated in SSA without understanding these complex interactions. The current review seeks to (1) highlight the nature and dynamics of recent cholera outbreaks in SSA, (2) discuss the importance of environmental reservoirs of Vibrio cholerae, and anthropogenic and hydroclimatic drivers in controlling the dynamics of cholera outbreaks, and (3) highlight key knowledge gaps and future research directions, and the need to harness emerging research tools such as modeling, machine learning, data mining, and genomics techniques to better understand the cholera dynamics. By bringing to fore these often-overlooked issues in cholera research, we seek to stimulate discussion, and promote a shift toward cross-disciplinary research on cholera and other water-borne diseases in SSA and beyond.
Introduction
Sub-Saharan Africa (SSA) experienced recurrent cholera outbreaks, contributing to 86% and 99% of reported cases and deaths worldwide in 2011 [1] . In 2017 and 2018, cholera outbreaks were reported in seven SSA countries: Cameroon, Democratic Republic of Congo, Tanzania, Kenya, Mozambique, and Zambia, with the most recent reported in Zimbabwe [2] . In fact, Zimbabwe experiences frequent cholera outbreaks with the most devastating one in 2008, which had a total of 11,735 cases, 484 deaths with a high case fatality ratio (CFR) of 4%, reaching as high as 20-30% in remote areas [3, 4] . The most recent outbreak had 3621 cases, 32 deaths, and 98% of the cases were reported in densely populated Harare [5] . Contrary to the decreasing global trend in CFR of cholera, the ratio remains nearly constant at 2% [1] . This potentially points to the ineffectiveness of current prevention and control methods in Africa.
Research on cholera and other water-borne diseases in Africa is largely limited to the medical discipline, i.e., the predominance of epidemiological studies. Specifically, the bulk of research on
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Rationale for Understanding Environmental Drivers and Reservoirs
V. cholerae, the bacteria that causes cholera, occurs and persists in various aquatic systems such as lakes and rivers [18] . During an outbreak, V. cholerae is discharged directly into the environment through human excretions and municipal wastewater effluent [19] . Aquatic systems act as a sink of the V. cholerae, and a source considering cholera is a waterborne disease [15] . Once in the aquatic systems, V. cholerae may persist and proliferate, and then enter the human body through consumption of contaminated water and food [17] . In this regard, drinking water is the ecotone between aquatic systems and the human body [20] . This cholera loop demonstrates the intricate linkages between the human and environmental components, which play a critical role in sustaining and promoting the persistence of cholera. The behavior of physicochemical and biological components of environmental reservoirs respond to anthropogenic and hydroclimatic forcings, including short-and long-range weather and climatic phenomena such as El Niño-Southern Oscillation, La Niña, and El Niño [21, 22] . Moreover, studies on other water-borne diseases demonstrated that their dynamics are driven by climate change and variability, and climatic teleconnections [23, 24] . Climatic teleconnections refer to linkages between weather changes or significant positive or negative correlations in the fluctuations of a weather or climatic variable at widely separated points [25] . These climatic teleconnections are linked to outbreaks of human and animal diseases [26] . Climatic signals may propagate from source to distant points through the atmosphere, resulting in disease outbreaks elsewhere [26] .
Considering the role played by aquatic systems, hydrology, and atmospheric and climatic systems in cholera dynamics, environmental sciences research should be in the forefront if the goal to end cholera by 2030 is to be met [2] . Using SCOPUS, between 1968 and 2018, there were 950 publications on cholera by researchers from Africa (the search string was TITLE-ABS-KEY (cholera) AND PUBYEAR >1967 AND (LIMIT-TO (AFFILCOUNTRY, "South Africa") OR LIMIT-TO (AFFILCOUNTRY, "[x]"), where [x] represents the other individually selected African nations) (Figure 1 ). Fewer than 10% of the publications were in the environmental science domain, compared to 68% in medicine. Interestingly, the recommendations by the World Health Organization (WHO) on ending cholera overlooked the role of environmental determinants in cholera outbreaks and the need for multidisciplinary follow-up studies during post-outbreak periods in order to improve the effectiveness of the proposed "multisectoral interventions in cholera hotspots" [2] . The process of explicitly tracking V. cholerae sources, dissemination and transmission routes along the reservoir-food/water-human continuum/pathway, which we loosely term "epidemiological forensics" should be a critical component of cholera research. On the other hand, environmental and earth scientists also overlook environmental aspects related to the medical field in their routine research, and often lack analytical equipment for such studies [27] . It is, therefore, understandable and sometimes expected that, when a subject falls between two disparate disciplines, it tends to be neglected by researchers from both disciplines, justifying the need to transcend disciplinary boundaries and even collaborate across disparate disciplines. In view of this, we argue that any research aimed at a complete understanding of the cholera ecology should move beyond epidemiology to include environmental disciplines such as hydrology, atmospheric climatic sciences, and soil sciences. on ending cholera overlooked the role of environmental determinants in cholera outbreaks and the need for multidisciplinary follow-up studies during post-outbreak periods in order to improve the effectiveness of the proposed "multisectoral interventions in cholera hotspots" [2] . The process of explicitly tracking V. cholerae sources, dissemination and transmission routes along the reservoirfood/water-human continuum/pathway, which we loosely term "epidemiological forensics" should be a critical component of cholera research. On the other hand, environmental and earth scientists also overlook environmental aspects related to the medical field in their routine research, and often lack analytical equipment for such studies [27] . It is, therefore, understandable and sometimes expected that, when a subject falls between two disparate disciplines, it tends to be neglected by researchers from both disciplines, justifying the need to transcend disciplinary boundaries and even collaborate across disparate disciplines. In view of this, we argue that any research aimed at a complete understanding of the cholera ecology should move beyond epidemiology to include environmental disciplines such as hydrology, atmospheric climatic sciences, and soil sciences. 
Environmental Reservoirs: Where Cholera Lurks during Inter-Epidemic Periods
Environmental reservoirs of cholera refer to where the V. cholerae inhabits, grows, and proliferates with the potential to be released and to cause human disease outbreaks [18, 28] . In this regard, understanding the cholera reservoirs is a critical component of cholera ecology (Figure 2 ). Studies conducted elsewhere (e.g., Asia and South America) show that brackish, riverine, estuarine, and coastal waters, and other physicochemical properties such as salinity promote the persistence and proliferation of V. cholerae [18] . Other studies reported complex networks of interactions between 
Environmental reservoirs of cholera refer to where the V. cholerae inhabits, grows, and proliferates with the potential to be released and to cause human disease outbreaks [18, 28] . In this regard, understanding the cholera reservoirs is a critical component of cholera ecology (Figure 2 ). Studies conducted elsewhere (e.g., Asia and South America) show that brackish, riverine, estuarine, and coastal waters, and other physicochemical properties such as salinity promote the persistence and proliferation of V. cholerae [18] . Other studies reported complex networks of interactions between V. cholerae and sea dwellers and aquatic organisms such as bivalves and shellfish [29] . One study focusing on freshwater systems in several sites in India and Africa (Zanzibar and Malawi) showed that egg masses of chironomids, which are "non-biting midges" (Diptera Chironomidae), were infected by V. cholerae in both countries. It is possible that several other aquatic organisms may harbor V. cholerae too [30] . In SSA, cholera outbreaks were reported in both coastal (e.g., Kenya, Mozambique, and Tanzania) and non-coastal countries (e.g., Zambia and Zimbabwe), indicating that even non-estuarine aquatic environments could act as V. cholerae reservoirs [15, 17] . Although studies on the dominant environmental reservoirs of V. cholerae in SSA are still limited, the recurrent cholera outbreaks point to the existence of hotspot cholera reservoirs [13, 31] . Lacking such data, several potential reservoirs could harbor cholera in SSA, including on-site sanitation systems, wetlands, landfills, heavily polluted surface aquatic systems, and groundwater systems. V. cholerae and sea dwellers and aquatic organisms such as bivalves and shellfish [29] . One study focusing on freshwater systems in several sites in India and Africa (Zanzibar and Malawi) showed that egg masses of chironomids, which are "non-biting midges" (Diptera Chironomidae), were infected by V. cholerae in both countries. It is possible that several other aquatic organisms may harbor V. cholerae too [30] . In SSA, cholera outbreaks were reported in both coastal (e.g., Kenya, Mozambique, and Tanzania) and non-coastal countries (e.g., Zambia and Zimbabwe), indicating that even non-estuarine aquatic environments could act as V. cholerae reservoirs [15, 17] . Although studies on the dominant environmental reservoirs of V. cholerae in SSA are still limited, the recurrent cholera outbreaks point to the existence of hotspot cholera reservoirs [13, 31] . Lacking such data, several potential reservoirs could harbor cholera in SSA, including on-site sanitation systems, wetlands, landfills, heavily polluted surface aquatic systems, and groundwater systems. On-site sanitation systems such as septic tanks and pit latrines, which are expected to have saline/brackish water and high nutrient contents, may support the growth and proliferation of cholera. Such sanitation systems are prevalent in most areas without access to centralized wastewater treatment and reticulation systems [32] . In most residential areas and informal settlements, such onsite sanitations systems are in close proximity to drinking water sources such as shallow wells and boreholes [33] . The situation is worse on sandy soils, which have high hydraulic conductivity and limited retention of contaminants [33] . In such cases, there is very high hydrological connectivity between on-site sanitation systems and groundwater sources, and residents are literally "flushing" into drinking water sources. It is interesting to note that the two cholera outbreaks that occurred in Zimbabwe in 2008 and 2018 occurred at the peak of the dry season in September [4, 5] . During this period, residents are likely to depend mainly on groundwater for potable water supply due to increased demand and unreliable water supplies. Excessive groundwater abstraction during the dry On-site sanitation systems such as septic tanks and pit latrines, which are expected to have saline/brackish water and high nutrient contents, may support the growth and proliferation of cholera. Such sanitation systems are prevalent in most areas without access to centralized wastewater treatment and reticulation systems [32] . In most residential areas and informal settlements, such on-site sanitations systems are in close proximity to drinking water sources such as shallow wells and boreholes [33] . The situation is worse on sandy soils, which have high hydraulic conductivity and limited retention of contaminants [33] . In such cases, there is very high hydrological connectivity between on-site sanitation systems and groundwater sources, and residents are literally "flushing" into drinking water sources. It is interesting to note that the two cholera outbreaks that occurred in Zimbabwe in 2008 and 2018 occurred at the peak of the dry season in September [4, 5] . During this period, residents are likely to depend mainly on groundwater for potable water supply due to increased demand and unreliable water supplies. Excessive groundwater abstraction during the dry season may lower groundwater levels in shallow wells and boreholes relative to that of on-site sanitation systems, thus increasing the risk of groundwater contamination.
Wastewaters were reported to be a reservoir of various pathogenic organisms and antibiotic resistant bacteria [33, 34] . In most SSA countries, wastewater treatment plants are often overloaded and poorly maintained, resulting in discharge of raw or partially treated wastewater into aquatic systems, including wetlands [33, 35] . Wetlands, which are common in SSA, occur in low-lying areas relative to pollution sources; hence, they receive wastewaters and urban runoff. Together with the predominantly moist conditions, this provides an ideal environment for the survival and proliferation of V. cholerae. Moreover, wetlands are hydrologically connected to both surface and groundwater systems via runoff and baseflow, respectively. Like wetlands, surface aquatic systems in SSA are also highly polluted, with several lakes and reservoirs being classified as eutrophic or hypertrophic [32] . Such highly polluted aquatic systems could act as reservoirs and contribute to the recurrent cholera outbreaks. Once in aquatic systems, V. cholerae may form a complex network of interactions with other aquatic organisms, including aquatic foods such as fish [29] . Therefore, V. cholerae may enter the human body via contaminated water and/or food [28] . Given that aquatic foods such as fish are a key component of human diet, the consumption of such contaminated food may play a critical role in transferring cholera from aquatic systems into humans. To better understand cholera ecology in SSA, there is an urgent need to determine the nature and concentrations of V. cholerae in water, and to determine the dominant sources and transfer routes into the human body. Such information is critical for targeting cholera prevention and control methods.
What Drives Cholera Outbreaks in SSA?
The environmental reservoirs, particularly aquatic systems and their biotic components and physicochemical properties, respond to hydroclimatic and anthropogenic forcings [18, 28] . Specifically, anthropogenic factors such as poor sanitation and hygiene, human migration, and cross-border movements may also promote the dissemination of cholera [36] . For example, a previous study found cross-border cholera outbreaks contributed to the high cholera burden in SSA, and under-fives and school-going children were the major victims [37] .
Weather and climatic divers were also reported to influence the dynamics of cholera outbreaks and other water-borne diseases [38] . For example, studies showed that hydroclimatic factors explain the unique dual peaks observed in cholera outbreaks in the Bengal Delta region in India [39] . The dual outbreak pattern exhibits two peaks in each year, the first one occurring in the spring (March-May), and a second and larger one in the autumn (September-December). In the same study, the authors concluded that the spring outbreak was associated with low river discharges, while the larger autumn outbreak coincided with peak flood volumes that result in large flooded areas during the monsoon. Other studies largely drawn from Asia (e.g., Bangladesh) linked cholera outbreaks to hydroclimatic drivers, including precipitation [38] , peak river discharges and floods [40] , ambient and sea surface temperature and sea surface height [41] , coastal salinity [42] , and fecal contamination [43] . The relationship between cholera outbreaks and hydroclimatic drivers, including the dual peak behavior, was also documented in studies based on spatially explicit models [44] . The bulk of these studies were conducted in countries with coastal areas, particularly those in Asia. Accordingly, there is comparatively more literature linking cholera outbreaks to drivers in coastal countries in Asia than Africa.
Unlike most Asian countries which experience monsoonal rains, the bulk of SSA experiences a tropical environment, characterized by wet warm summers (October-March) and cool dry winters (April-September). Moreover, barring a few countries such as Mozambique and Tanzania, SSA consists mainly of inland countries, which lack estuarine and coastal areas. Given this biophysical setting, one would expect different patterns of cholera outbreaks, and their relationships with hydroclimatic and anthropogenic variables. Indeed, contrary to the dual peak pattern observed in India, cholera outbreaks in SSA are often characterized by a single annual peak, often coinciding with the wet summer season [45] . For example, peak cholera outbreaks in South Africa occur in January and February during the wet season reflecting its relationship with rainfall peaks and relatively high temperatures [39] . In Zimbabwe, the last two cholera outbreaks, one in 2008 and the recent one in 2018, both occurred at the peak of the dry season in September. Although the reasons for this consistent trend is unclear, it probably reflects over-dependence on contaminated groundwater from potable supplies water during this period, which is necessitated by increasing water demand and the accompanying water shortages. Although quantitative data are still missing, this trend could also reflect the relationship between cholera and hydroclimatic variables such as high temperatures, increased salinity, and concentrations of contaminants in aquatic systems due to limited dilution. Regardless of the drivers, the consistent timing of the outbreaks points to potential cholera linkages to some anthropogenic and hydroclimatic variables, which are yet to be investigated in SSA.
In addition to local and short-range hydroclimatic drivers, studies also demonstrated that climatic teleconnections may drive outbreaks of water-borne diseases, including cholera [24, 26] . Teleconnections imply that such correlations suggest that information is propagating between the distant points through the atmosphere. Climate teleconnections are linked to outbreaks of human and animal diseases [26] . These results point to the fact that such relationships between cholera and hydroclimatic factors can be further developed into predictive modeling tools to forecast outbreaks of cholera and potentially other water-borne diseases. Such forecasting tools may provide key information to better target financial and public health resources in the control and prevention of cholera in SSA and other regions.
Some studies showed that people infected with human immunodeficiency virus/acquired immune deficiency syndrome (HIV/AIDS), malaria, and tuberculosis often have weakened immunity, and are more susceptible to co-infections with other infectious diseases [46] . Therefore, cholera outbreaks in SSA could be linked to other epidemics such as malaria, tuberculosis, and HIV/AIDS. However, further research is needed to investigate whether co-infections promote cholera outbreaks.
Harnessing Emerging Research Tools and Charting Future Directions
Emerging Research Tools to Better Understand Cholera Dynamics
Recent years witnessed various advances in research tools, including analytical methods in microbiological and genomic analyses, remote sensing, data analytics, and process modeling. For example, genomic analysis and other analytical techniques can be used to determine or trace the source of microbial contamination of water and food to environmental reservoirs [47] . Moreover, recent analytical methods based on genomics can be used to relate pathogen strains in humans to those in environmental resources, in the process enabling the identification of the source of contamination [48] . Indeed, the potential of these techniques to improve our understanding of cholera outbreaks was highlighted in earlier reviews [49] , and they were applied in some studies in developed countries [50, 51] . However, the application of genomic analytical techniques in cholera research remains limited, largely due to the lack of such analytical equipment and expertise. Therefore, advancing cholera research in Africa will require significant investment in such research equipment and capacity building, possibly through North-South cooperation. Furthermore, there is need for a maintenance of V. cholerae banks that could be used for physiological analysis (e.g., characterization of chitin receptors associated to V. cholerae adherence to aquatic organisms) [52] .
Remote sensing and geographic information system (GIS) tools are critical in indirect identification and mapping of environmental reservoirs and drivers such as hydroclimatic variables. In this regard, recent advances in the field, particularly the development of unmanned air vehicle systems (UAVS), which can be used as carriers for multiple sensors, provide critical and potentially low-cost tools for the acquisition of data on environmental variables. In Bangladesh, satellite data were used to evaluate the occurrence and spread of cholera in coastal areas from 1992-1995 [41] . A significant correlation between sea surface temperature annual cycles and sea surface height and cholera case reports was observed [41] . In Zimbabwe, spatial estimation of rainfall patterns and air temperature using satellite data helped identify locations were cholera outbreaks began [53] . These results suggest cholera outbreaks could be linked to hydroclimatic conditions. However, in most SSA countries and other developing countries, reliable and long-term hydroclimatic data are often unavailable due to lack of hydrometric stations [54] . The acquisition of remote sensing data may provide a starting point to research into the relationship between V. cholerae and environmental variables in SSA. In fact, the lack of long-term hydroclimatic data corresponding to historical data on cholera outbreaks could explain the lack of studies in SSA investigating the relationships between the two.
The field of computer science also witnessed unprecedented development of data analytic tools. Typical examples of such recent advances include the fields of artificial intelligence, machine learning, and data mining [55] .
Although not yet fully harnessed in the medical fields, these tools may potentially provide some breakthrough in the field. Recent applications of machine learning in cholera include prediction of susceptibility to cholera using human gut microbiome structure and composition [56] , identification of the specific genomic variations that govern the spatial, temporal, and habitat variations in persistence of cholera mobile functions (such as plasmids and phages) [57] , and correlations between streamflow and cholera outbreaks [58] . Data mining techniques can also be used to analyze large historical datasets to detect trends and patterns that may not be evident using conventional statistical methods [59] . A previous study mined data from social media and news outlets to estimate the dynamics of the 2010 cholera outbreak in Haiti [60] . In Mali, data mining was used to process satellite data for the identification of risk areas of cholera [61] . The application of these emerging research tools will provide additional insights into cholera dynamics, beyond those provided by the current conventional research methods.
Knowledge Gaps and Future Research Directions
The foregoing discussion demonstrated that cholera research needs to move beyond traditional epidemiological studies, to include other relevant disciplines and research tools. Once the research community acknowledges this, it will be evident that several knowledge gaps pertaining to cholera ecology exist. Here, 11 research questions are raised for future research directions under two thematic areas: (1) environmental reservoirs and drivers, and (2) development of predictive tools (Table 1) . Indeed, answering these research questions requires more than epidemiologists or medical experts, and should include process modelers, mathematicians, hydrologists, and atmospheric scientists and climatologists, among other experts. This further buttresses our main concept that cholera research in SSA and other regions should move beyond epidemiology and include other allied disciplines. Moreover, emerging research tools such as remote sensing and GIS, genomics, and advanced data analytics will be critical in complementing current conventional methods to address these questions. Notably, most of these research questions are not unique to cholera; rather, they are generic and, hence, may apply to other water-borne diseases prevalent in SSA and other regions.
The current knowledge gaps on understanding the role of environmental reservoirs and drivers in proliferation and transmission of V. cholerae are probably caused by the lack of connection between epidemiological and environmental science studies. In Europe, the European Environment and Epidemiology (E3) Network was established to bridge the gap between epidemiological and environmental data, thus providing a link between environmental drivers and infectious diseases [62] . There is need for establishing a similar network of researchers and organizations in Africa that aims at promoting collaboration and sharing of epidemic monitoring, environmental monitoring and characterization, and demographics and socio-economic data. For example, such a network could collate data on socio-economic and environmental factors that drive susceptibility to cholera in communities impacted by other infectious diseases such as tuberculosis, malaria, and HIV/AIDS. However, success in such a network could be hindered by a lack of research resources in low-income countries impacted by cholera. Hence, the African-European Partnership for Neglected Infectious Diseases recommended collaboration between African and European researchers, as well as governmental support in endemic countries [46] .
Conclusions
This current concept paper calls for cholera research to move beyond the current approach which has an epidemiological bias, to include other relevant allied disciplines to better understand the ecology of cholera. Specifically, the concept highlighted the following: (1) the nature and dynamics of cholera outbreaks in SSA, characterized by a single annual peak coinciding with the rainy season; (2) the role of environmental reservoirs and anthropogenic and hydroclimatic drivers in promoting the persistence and dissemination of cholera; (3) future research directions, including 11 specific research questions meant to advance our knowledge on the dynamics of cholera outbreaks in SSA; and (4) the potential opportunities offered by recent advances in research tools such as machine learning, data mining, and remote sensing to cholera research. In summary, the integration of environmental sciences into cholera research could contribute toward better prediction and development of early warning tools for cholera in SSA and elsewhere. Specifically, we believe that the application of emerging tools to systematically analyze historical data on outbreaks could provide clues on cholera hotspots and hot moments, which will, in turn, lead to better targeting of interventions and scarce resources in cholera prevention and control. By drawing attention to these issues, we hope this concept will stimulate discussion, and promote a shift toward cross-disciplinary research on cholera and other water-borne diseases in SSA and beyond.
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